Solvent extraction equilibria of FeCl 3 with TPB from chloride solutions were analyzed by considering chemical equilibria, extraction reaction, mass and charge balance equations. The activity coefficients of solutes in aqueous phase were calculated by Bromley equation while ideal behavior was assumed for species in organic phase. Extraction reaction of FeCl 3 with TBP in the experimental range of this study was determined from the dependence of the distribution coefficient of iron on the concentration of chloride ions. By applying ionic equilibria to the results of solvent extraction experiments, equilbrium constant of the extraction reaction was estimated to be 4:5 Â 10 2 . The equilibrium concentrations of solutes in both phases after extraction could be calculated with the ionic equilibria developed in this study. The predicted distribution coefficients of iron agreed well with those measured.
Introduction
Ferric chloride solutions have been extensively used as a leaching and etching agent in hydrometallurgy. Ferric ion forms complexes with chloride ion such as FeCl 3 and FeCl 4 À . The formation of these complexes could be made use of recovering FeCl 3 solution from the spent FeCl 3 solutions by employing solvent extraction. Numerous studies have been performed on the solvent extraction of FeCl 3 with tributyl-phosphate (TBP) owing to its low solubility in water. [1] [2] [3] [4] [5] Most experiments on the solvent extraction of FeCl 3 with TBP reported to date have been conducted in the low concentration range of FeCl 3 . However, the range of FeCl 3 concentration used in hydrometallurgical processes is very high.
The objective of this study is to investigate solvent extraction equilibria of FeCl 3 with TPB at high ionic strength conditions. Activity coefficients of species in aqueous phase were calculated by Bromley equation. 6) The interaction parameters between ferric ion and anion were obtained by utilizing the data reported in the literature. 7, 8) The predicted distribution coefficients have been compared with those measured.
Theoretical Backgroud
The following two reactions represent solvent extraction of FeCl 3 with TBP from chloride solutions.
where subscript or represents the organic phase. It was reported that eq. (2) predominates the solvent extraction reaction in the HCl concentration range of 6 to 9 kmol/m 3 . Below 6 kmol/m 3 HCl concentration, the solvent extraction reaction follows eq. (1).
3)
The distribution coefficient of metal is given by D ¼ metal concentration in organic phase metal concentration in aqueous phase ð3Þ
In chloride solution, ferric ion forms complexes with chloride and hydroxide ions. Table 1 shows complex formation reactions considered in this study and the corresponding equilibrium constant of the reactions at 298 K when the ionic strength of the solution is zero. 7, 9) In this study, the acidity of the solution was so strong that precipitation of ferric ion was ignored.
The following charge balance equation was obtained from the chemical equilibria.
[
Activity coefficient of solutes present in the aqueous phase was calculated with Bromley equation. Equation (5) represents the Bromley equation for cation M at 298 K. 6) 
In the above equations, z is ionic charge and I ionic strength of solution and B MX the interaction parameter between cation M and anion X.
Experimental
FeCl 3 solutions were prepared by dissolving FeCl 3 Á6H 2 O in distilled water, in which HCl was added. TBP was diluted with toluene and all chemicals used in this study were of reagent grade.
The phase ratio was kept at unity in all the experiments. Equal volumes of organic and aqueous solutions were placed in a 100 cm 3 separatory funnel and shaken for 30 min at 298 K with a wrist action shaker. The aqueous phase was separated after settling the mixture for 24 h. The concentrations of iron in the aqueous phase were measured with ICP-AES (Spectroflame EOP). The iron concentration present in the organic phase was calculated by using mass balance.
Results and Discussion

Solvent extraction of FeCl 3 with TBP
The effect of HCl concentration on the extraction of FeCl 3 was investigated by varying the HCl concentration from 0.5 to 3.5 kmol/m 3 . Figure 1 represents the experimental results, when the initial concentration of FeCl 3 and TBP were kept at 0.5 and 2.0 kmol/m 3 , respectively. Distribution coefficient of iron increased with HCl concentration. From this result, it is known that HCl affects the extraction of FeCl 3 with TBP under the experimental conditions performed in this study. Figure 2 shows the variation of the distribution coefficients of iron with TBP concentration, when the initial concentration of FeCl 3 and HCl were 0.1 and 2.0 kmol/m 3 , respectively. The distribution coefficients of iron increased rapidly with TBP concentration.
The equilibrium constants of eqs. (1) and (2) are given by
Inserting the definition of distribution coefficient into the above equation and taking logarithm on both sides resulted in
where 0 is the ratio of the concentration of ferric ion to the total concentration of iron in the aqueous phase. Solvent extraction reaction of FeCl 3 with TBP was identified by the dependence of the distribution coefficient of iron on the chloride ion concentration. Equations (9) and (10) reveal that plot of log½Cl À againt log D should give straight line with a slope of three or four, when the concentrations of TBP and/or hydrogen ion are constant. Figure 3 shows the variation of the distribution coefficients of iron with the total concentration of chloride present in the aqueous phase before extraction, when the initial concentration of FeCl 3 and TBP were 1.0 and 3.0 kmol/m 3 , respectively. The slope of the plot in Fig. 3 was 3 .8, indicating that solvent extraction of FeCl 3 with TBP in the experimental conditions employed in this study was represented better by eq. (2) than by eq. (1).
In order to verify the dependence of FeCl 3 extraction on the concentration of chloride ion, LiCl was added to vary the concentration of chloride ion. Figure 4 shows the extraction of iron in 1.0 kmol/m 3 TBP, when the initial concentration of FeCl 3 and HCl were 0.1 and 2.0 kmol/m 3 , respectively. The total concentration of chloride in the aqueous phase after extraction was calculated from the initial total concentration of chloride by assuming that solvent extraction reaction followed eq. (2). The slope of Figs. 4 was 5, indicating that more than four chloride ions were associated with the solvent extraction of one ferric ion under the experimental ranges investigated in this study. It was reported that HClÁTBP, 2HClÁTBP and 3HClÁTBP might be formed successively as HCl concentration increased for the TBP-HCl system. 10) However, few studies reported so far verified the participation of more than one molecule of HCl in the solvent extraction of FeCl 3 with TBP. Hence we concluded that solvent extraction of FeCl 3 with TBP could be represented by eq. (2) in the experimental conditions performed in this study.
Analysis of solvent extraction FeCl 3 -HCl-H 2 O-TBP-
toluene system Bromley proposed that interaction parameter of strong electrolyte MX could be approximated by the following equation.
where B and represent the interaction parameter and the correction value of individual ion, respectively. In the original work by Bromley, the interaction parameter of FeCl 3 was not reported. Table 2 lists the interaction parameters of ferric species given by Belaustegi. 7) We reported a procedure to obtain interaction parameter and correction value of ferric species from the values shown in Table 2 Table 3 shows these interaction parameters and correction values of ions obtained in this study. Mass balance equations for chloride, iron and TBP were obtained by considering the extraction reaction and chemical equilibria when the volume ratio of organic to aqueous was unity.
where subscript t represents total concentration and ini initial concentration.
The number of species present in both phases after extraction is 16 (Cl
ÁHClÁ2TBP, TBP, toluene). In order to calculate the activities of these 16 species, 16 independent equations are required. We obtained these equations from nine chemical equilibria, solvent extraction reaction (eq. (2)), three mass balance equations (eqs. (12), (13), (14)), charge balance (eq. (4)) and two activity equations for water and toluene. These nonlinear equations were solved by using Newton-Raphson method.
Water activity and activity coefficients of solutes in aqueous phase could be calculated by Bromley equation while few equations have been reported to calculate activity coefficients of species present in organic phase. Hence we assumed ideal behavior for chemical species in organic phase. With this assumption, the equilibrium constant of solvent extraction reaction becomes Table 4 gives the experimental conditions together with the results of extraction experiment. Equilibrium constant of eq. (15) was obtained from the experimental data by applying ionic equilibria and was found to be 4:5 Â 10 2 . The distribution coefficients of iron predicted by this equilibrium constant are also shown in Table 4 . Figure 5 shows the distribution coefficients of iron obtained experimentally and the calculated values. The standard deviation between these two distribution coefficients was 0.059, indicating very good agreement between the distribution coefficients of iron obtained experimentally and those predicted in this study.
Conclusions
The following conclusions were drawn from the solvent extraction experiments of FeCl 3 with TBP from chloride solutions.
(1) Solvent extraction reaction of FeCl 3 with TBP was determined from the dependence of the distribution coefficient of iron on the concentration of chloride ions in the following experimental conditions i.e., FeCl 3 concentration 1.0 kmol/m 3 , HCl concentration 3.5 kmol/m 3 .
2) The equilibrium concentrations of iron species were calculated by considering chemical equilibria, mass and charge balance equation. The activity coefficients of species in the aqueous phase were calculated by using Bromley equation. The equilibrium constant of the above reaction was 4:5 Â 10 2 . (3) The distribution coefficients of iron obtained experimentally agreed well with those predicted in this study.
